Ahlgren ÅR, Cinthio M, Steen S, Nilsson T, Sjöberg T, Persson HW, Lindström K. Longitudinal displacement and intramural shear strain of the porcine carotid artery undergo profound changes in response to catecholamines. Am J Physiol Heart Circ Physiol 302: H1102-H1115, 2012. First published December 23, 2011 doi:10.1152/ajpheart.00470.2011The effects of catecholamines on longitudinal displacements and intramural shear strain of the arterial wall are unexplored. Therefore, the common carotid artery of five anaesthetized pigs was investigated using an in-house developed noninvasive ultrasonic technique. The study protocol included intravenous infusion of low-dose epinephrine (␤-adrenoceptor activation), as well as intravenous boluses of norepinephrine (␣-adrenoceptor activation). Further, the effects of ␤-blockade (metoprolol) were studied. There were significant positive correlations between pulse pressure and longitudinal displacement of the intima-media complex (r ϭ 0.72; P Ͻ 0.001), as well as between pulse pressure and intramural shear strain (r ϭ 0.48; P Ͻ 0.001). Following administration of norepinephrine, the longitudinal displacement of the intimamedia complex and intramural shear strain profoundly increased (median 190%, range 102-296%, and median 141%, range 101-182%, respectively, compared with baseline), also when given during ␤-blockade (median 228%, range 133-266%, and median 158%, range 152-235%, respectively). During infusion of low-dose epinephrine, the longitudinal displacement of the intima-media complex and intramural shear strain decreased (median 88%, range 69 -122%, and median 69%, range 47-117%, respectively, compared with baseline). In conclusion, the present study shows, for the first time, that the longitudinal displacement and intramural shear strain of the porcine carotid artery undergo profound changes in response to catecholamines. Increase in longitudinal displacements seems to be strongly related to ␣-adrenoceptor activation. Thus metoprolol is insufficient to counteract a profound increase in longitudinal displacement and intramural shear strain following a surge of norepinephrine. longitudinal movements; epinephrine; norepinephrine; metoprolol; vascular mechanics; ultrasound CARDIOVASCULAR DISEASE IS a leading cause of morbidity and mortality in the industrialized countries. Mental stress is considered a risk factor for cardiovascular disease both acutely, following strong emotional stress, and chronically. The mechanisms behind this association still remain unclear.
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In cardiovascular research, the radial movement of the arterial wall, the diameter change, has been the subject of extensive research; measurement of the diameter change of arteries is now an established tool in cardiovascular research (2, 21, 26) , forming the basis for estimation of arterial wall stiffness. Increased stiffness of large central arteries has been shown to be an independent risk factor for cardiovascular mortality (5, 19) . In contrast, there are few studies on the longitudinal movement of the arterial wall during the cardiac cycle, i.e., the displacement along the artery. In the 1950s, Lawton and Greene (20) measured the longitudinal movement of the abdominal aorta in dogs using cinematographic observations of beads sutured to the surface of exposed vessels. The measured longitudinal movement was very small. The results were later confirmed by Patel et al. (27, 28) on the thoracic aorta. The small movements were considered to be mainly due to respiratory movements from the diaphragm. Since then it has for many years been assumed that the longitudinal movement of the arterial wall during the cardiac cycle is negligible compared with the radial movement (24) . However, using modern ultrasound scanners, we observed that in large arteries of humans the inner layers of the arterial wall, the intimamedia complex, move not only in the radial direction but also in the longitudinal direction during the cardiac cycle (29) . To study this phenomenon, we developed a new ultrasonic method for simultaneous high-resolution recording of both the longitudinal and the radial movements of the arterial wall noninvasively in vivo (30, 10) . Using this in-house developed ultrasonic method on large arteries in healthy humans, we (9) have shown that the longitudinal displacement of the intima-media complex during the cardiac cycle is of the same magnitude as the well-known diameter change. We (9) have also shown that the outer part of the vessel wall, the adventitial region, in these vessels shows the same basic pattern of longitudinal displacement, but the magnitude of displacement is smaller than that of the intima-media complex, thereby demonstrating the presence of previously unknown substantial shear strain, and thus shear stress, intramurally. Visually, it seems that the largest longitudinal shearing, and thus shear strain, occurs in, or close to, the demarcation between the media and the adventitia, thus most likely at the external elastic lamina (1) , which is a layer of elastic connective tissue lying between the tunica media and the tunica adventitia. Thus, it seems that the media and the adventitia slide against each other at the external elastic lamina. This observation is supported by our recent result (25) from the human carotid artery using a new in-house developed ultrasonic technique.
Our finding of a distinct longitudinal displacement of the arterial wall has been supported by Warriner et al. (33) using a computational model. Recently, Zahnd et al. (34) , using an in-house developed ultrasonic method in a study on the human carotid artery, as well as Svedlund and Gan (31), using commercially available vector velocity imaging, have confirmed the presence of a significant longitudinal displacement of the carotid artery wall during the cardiac cycle. However, the techniques used in these studies use speckle tracking techniques that track a larger area of the arterial wall, rather than tracking a specific echo (10) , and thus both the spatial and temporal resolutions are different. Therefore, these techniques do not allow measurements of intramural shear strain, and they have difficulties in obtaining the pattern of the longitudinal movement. Thus, to the best of our knowledge, our technique is the first to measure the intramural longitudinal displacement and resulting shear strain of the arterial wall noninvasively in vivo during several cardiac cycles.
The longitudinal movement has the potential to either augment or diminish endothelial shear depending on the phase relationship to oscillatory flow (17, 9) . Further, the longitudinal displacement and resulting intramural shear strain have the potential to influence the circulation of the vasa vasorum (9). Our results from a very first experiment on the common carotid artery of one pig indicated marked effect of epinephrine on the longitudinal displacement of the arterial wall and resulting intramural shear strain (1) . Given this observation, the aim of this study was to study effects of epinephrine and norepinephrine on the longitudinal displacement of the intima-media complex and the adventitial region, respectively, and resulting intramural shear strain, of the common carotid artery of healthy anaesthetized pigs. To study the longitudinal displacements and intramural shear strain across a wide range of arterial blood pressures, and to evaluate possible couplings between the longitudinal displacement of the arterial wall and ␣-and/or ␤-adrenoceptor activation, the effect of ␤-blockade was also studied.
MATERIALS AND METHODS
Five 4-mo-old pigs with a weight of 25 kg were used for this study, which was approved by the Animal Research Ethics Committee, Lund University. Anesthesia was induced with an intramuscular injection of ketamine (30 mg/kg) and xylasin (4 mg/kg). Sodium thiopental (5-8 mg/kg) and atropine (0.015 mg/kg) were given intravenously before tracheotomy. Anesthesia and muscular paralysis were maintained with a continuous infusion of 10 ml/h of a NaCl (0.9%) solution containing ketamine (16 mg/ml) and pancuronium (0.6 mg/ml). After induction of anesthesia, the animals were tracheotomized and ventilated with a pressure-regulated, volume-controlled normo-ventilation (Servo Ventilator 300; Siemens, Solna, Sweden). Electrocardiogram (ECG), Pa O 2 , PCO2, and O2 saturation were monitored. Blood pressure was continuously recorded intra-arterially in the right common carotid artery by means of a data acquisition system (TestPoint; Capital Equipment, Billerica, MA).
The longitudinal movement was measured over a preselected segment of the left common carotid artery wall using B-mode ultrasound. All investigations were performed with a commercial ultrasound system (HDI 5000, ATL Ultrasound; Philips Medical Systems, Bothell, WA). The system was equipped with a 38-mm 5-to 12-MHz linear array transducer. The image data were transferred to a PC for postprocessing via HDI Lab (ATL Ultrasound; Philips Medical Systems). During the recordings, the vessel was scanned in the longitudinal direction and oriented horizontally in the image. The methods used for measurements of the longitudinal movement (10, 13) and the diameter changes (12, 14) were implemented in Matlab (MathWorks, Natick, MA). Prerequisites for the measurements include that the double-line pattern from the boundaries of the lumen-intima and media-adventitia is clearly visible at both the near and the far wall. Furthermore, a preselected distinct echo of an inhomogeneity or an irregularity must be visible in all the images during several cardiac cycles. In addition, to ensure that the recording is performed properly, the longitudinal displacement must be visible along the visualized vessel wall segment. Each recording contained 4 -11 cardiac cycles (4-s data). The recordings were performed during short (5 s) interrupted ventilation. A mean value Ϯ SD of the movements during the cardiac cycles was estimated. The resolution and the repeatability of the measurements of longitudinal movement on phantom are 5 and 24 m (2 SD; Ref. 10). The repeatability between two consecutive measurements in vivo has been shown to be Ͻ182 m (2 SD; Ref. 8) .
All measurements were performed with the pig lying on its back. The longitudinal movements of the left common carotid artery were measured noninvasively; i.e., percutanously. The same experienced ultrasound technician performed all registrations. Care was taken to minimize the pressure of the transducer. Regions of interest (ROIs) were positioned around a distinct echo in the intima-media complex and the adventitial region, respectively, of the far wall (Fig. 1) .
Further, from the measurements of the longitudinal displacements of the intima-media complex and the adventitial region, respectively, the resulting maximum intramural shear strain (in radians) of the arterial wall was calculated as:
where LMov is longitudinal movement (displacement), Adv is the adventitial region, IM is intima-media, ⌬R is the radial distance between the ROI of the intima-media and the adventitial region, and d is end diastole (Fig. 2) .
Radians can be converted to degrees by the following: shear strain d ϭ shear strainrad·360/(2). Since calculation of shear strain is based on two different measurements of longitudinal displacement (at different depths in the wall), there is higher variation in these measurements (8) .
Baseline registrations. After anesthesia was induced, three recordings of the longitudinal displacement of the intima-media complex and the adventitial region, respectively, of the common carotid artery were performed ("baseline").
Epinephrine. Next, we administrated epinephrine intravenously using a pump with an initial dose of 200 g/h. After a plateau in blood pressure and heart rate was reached, the dose of epinephrine was increased to 400 g/h. Depending on the responses in blood pressures and heart rate, the dose was in one case again lowered to 200 g/h. At each level, repeated recordings of the arterial wall movement were performed.
Epinephrine and norepinephrine. During continuous intravenous infusion of the higher dose of epinephrine, an intravenous bolus of 0.1 mg norepinephrine was administrated. Immediately after the bolus was administrated, repeated recordings of the arterial wall movements were performed during ϳ5 min. About 10 min after the initial bolus of norepinephrine, i.e., when its effect had waned, another intravenous bolus of 0.1 mg norepinephrine was administrated, and the arterial wall movements were again immediately repeatedly recorded.
␤-Blockade. At least 10 min after the last bolus dose of norepinephrine, still during continuous intravenous infusion of epinephrine, an intravenous infusion of metoprolol 25 mg/h was started. To assure as complete ␤-blockade as possible, a bolus of 5 mg metoprolol was also given intravenously. Depending on the response (or lack of response), a second bolus of metoprolol was in some cases administrated to ensure ␤-blockade. After ϳ3 min, the arterial wall movements were again repeatedly recorded.
Bolus of norepinephrine during ␤-blockade. During continuous simultaneous intravenous infusion of epinephrine and metoprolol, i.e., during ␤-blockade, a bolus of 0.1 mg norepinephrine was administrated intravenously. Immediately after administration of the bolus, the arterial wall movements were repeatedly recorded. After another 10 min, still during continuous infusions of epinephrine and metoprolol, another bolus of norepinephrine was administrated and the arterial wall movements were again repeatedly recorded.
The exact time between the ultrasonic recordings was mainly determined by the time required to transfer data from the ultrasound scanner to the computer. Figure 3 , top, schematically shows the study protocol, and Fig. 3 , bottom, shows an original typical registration of resulting changes in blood pressures and heart rate.
Statistics. Least squares regression analysis with calculation of Pearson's product moment correlation coefficient was used to evaluate relations between longitudinal displacement and pulse pressures. Differences between groups were tested using Kruskal-Wallis oneway ANOVA. Wilcoxon signed rank test was used to test differences between paired observations. P Ͻ 0.05 was taken as significant. Data are presented as means Ϯ SD, unless otherwise stated.
RESULTS

Baseline.
During the cardiac cycle, a distinct bidirectional longitudinal displacement of the intima-media complex could be observed in the common carotid artery of all subjects (Fig. 4) . In early systole, a distinct antegrade longitudinal displacement, i.e., a displacement in the direction of blood flow, was seen (mean 211 Ϯ 52 m, range 127-316 m). This was followed by a gradual retrograde longitudinal displacement, i.e., a displacement in the direction opposite blood flow, of approximately the same magnitude as the antegrade displacement (Fig.  4) . The longitudinal displacement of the adventitial region showed the same basic pattern of displacement, but the magnitude of displacement was significantly smaller (Fig. 4) than The resulting shear strain angle ␥, due to different magnitude of displacement of the intima-media complex and the adventitial region, respectively, is shown. With the present technique, we cannot discriminate possible differences in longitudinal displacement of the intima, one cell layer, from the media. Therefore, we have chosen to describe the displacement of an echo in the intima-media complex. Thus, at present, we cannot tell if there is shear strain also between the intima and the media. LMov is longitudinal movement (displacement), Adv is the adventitial region, IM is intima-media, ⌬R is the radial distance between the ROI of the intima-media and the adventitial region, and d is end diastole.
that of the intima-media complex (P ϭ 0.003), i.e., there was intramural shear strain (mean 0.27 Ϯ 0.06, range 0.16 -0.42 radians, corresponding to mean 15 Ϯ 3°, range 9 -24°).
Longitudinal displacement of the intima-media complex during administration of catecholamines and ␤-blocker, respectively. The used protocol resulted in a wide range of arterial blood pressures. There were significant correlations between pulse pressure and the longitudinal displacement of the intima-media complex in all subjects (Fig. 5 , A-E; r and P values are given). Figure 6 shows the relative changes in longitudinal displacement in relation to relative changes in pulse pressure for all subjects. There was a significant correlation between relative changes in pulse pressure and relative change in longitudinal displacement of the intima-media complex (r ϭ 0.72; P Ͻ 0.001). As expected, the highest pulse pressures were seen immediately after administration of boluses of norepinephrine, and the lowest pulse pressures were seen during initial phases of the infusion of epinephrine, and during ␤-blockade (simultaneous infusion of epinephrine and metoprolol, Fig. 6 ). The high pulse pressures seen following norepinephrine boluses were accompanied by the largest longitudinal displacement of the intima-media complex (median 191%, range 102-296%, compared with baseline; Figs. 6 and 7 and Table 1 ). The low pulse pressures seen during the initial low dose infusion of epinephrine and during ␤-blockade (simultaneous administration of epinephrine and metoprolol), respectively, were accompanied by the smallest longitudinal displacement of the intimamedia complex (during the initial epinephrine infusion median 88%, range 69 -122%, compared with baseline; during ␤-blockade median 76%, range 65-137%, compared with baseline; Figs. 6 and 7 and Table 1 ). At the lowest pulse pressures during ␤-blockade, it was in several ultrasonic recordings, mainly in one subject, not possible to detect or measure a longitudinal displacement and a longitudinal displacement was also visually absent (and thus not shown in the figures or included in the calculations). ␤-Blockade did, however, not prevent a sharp raise in pulse pressure and the accompanying pronounced increase in longitudinal displacement seen following boluses of norepinephrine (median 228%, range 133-266%, compared with baseline; Figs. 6 and 7 and Table 1 ).
During higher levels of circulating epinephrine, and after administration of the norepinephrine boluses, there were not only changes in the magnitude of displacement but the pattern of longitudinal displacement seemed to change and became clearly multiphasic (Fig. 8, A and B) . This phenomenon was seen in all subjects.
Intramural shear strain. During all registrations the adventitial region showed the same basic pattern of longitudinal displacement as the intima-media complex, but as seen at baseline (Fig. 4) , the displacement of the adventitial region was smaller than that of the intima-media complex, i.e., there was shear strain intramurally. There were significant correlations between pulse pressure and intramural shear strain in all but In early systole, a distinct antegrade longitudinal movement, i.e., a movement in the direction of the blood flow was seen. This was followed by a gradual retrograde longitudinal movement, i.e., a movement in the direction opposite to the blood flow, of approximately the same magnitude as the antegrade movement. Same basic pattern of displacement was seen at baseline in all investigated subjects. OE, End diastole. two subjects (Fig. 9 , A-E; r and P values are given). In the two subjects that did not show a significant correlation, the range of pulse pressures were smaller, which might explain the lack of correlation in these subjects (Fig. 9, B and E) . Figure 10 shows relative changes in intramural shear strain in relation to relative changes in pulse pressure for all subjects. There was a significant positive correlation between pulse pressure and intramural shear strain (r ϭ 0.48; P Ͻ 0.001). Thus the increase in pulse pressure was associated with increase in a longitudinal displacement that was larger for the intima-media complex than for the adventitial region, increasing intramural shear strain. The highest values of shear strain were seen following administration of norepinephrine, both when given without ␤-blockade (median 142%, range 101-182%, compared with baseline; Figs. 10 and 11 and Table 1 ) and when given during ␤-blockade (median 158%, range 152-235%, compared with baseline; Figs. 10 and 11 and Table 1 ). During the initial low dose infusion of epinephrine, shear strain was median 69%, range 47-117%, compared with baseline (Figs. 10 and 11 and Table 1 ). During simultaneous intravenous infusion of epinephrine and metoprolol, i.e., during ␤-blockade, shear strain was median 77%, range 66 -104%, compared with baseline (Figs. 10 and 11 and Table 1 ). As stated above, at the lowest pulse pressures during simultaneous infusion of epinephrine and metoprolol, i.e., during ␤-blockade, it was in several ultrasonic recordings, mainly in one subject, not possible to detect and measure a longitudinal displacement and accordingly shear strain could not be measured (and is thus not shown in the figures or included in the calculations). However, as described above, ␤-blockade did not prevent a marked increase in intramural shear strain following boluses of norepinephrine.
Carotid artery diameter. There was a significant positive correlation between mean arterial pressure and the end-diastolic diameter of the carotid artery in all but one of the investigated subjects (Fig. 12, A-E) . The largest diameters were seen at the highest pressures following norepinephrine boluses, and the smallest diameters were seen at the lowest mean arterial pressures.
We also studied possible relations between the distension (pulsatile diameter change) and the longitudinal displacement of the intima-media complex. There were significant correlations between the distension (pulsatile diameter change) and the longitudinal displacement in two subjects (r ϭ
DISCUSSION
This study shows, for the first time, that the longitudinal displacements and intramural shear strain of the porcine carotid artery undergo profound changes in response to catecholamines and accompanying effects on blood pressure. The increase in longitudinal displacement and intramural shear strain seems to be strongly related to ␣-adrenoceptor activation. Thus the ␤ 1 -selective receptor antagonist metoprolol is insufficient to counteract a profound increase in longitudinal displacement Fig. 6 . Relative changes in longitudinal displacement of the intima-media complex of the porcine carotid artery wall in relation to relative changes in arterial PP and given drugs. There was a significant positive correlation between longitudinal displacement of the intima-media complex and PP (r ϭ 0.72, P Ͻ 0.001). Mean of baseline measurements ϭ 1. Largest longitudinal displacements were seen following norepinephrine boluses and accompanying high PPs. Norepinephrine has a very short half-time with a rapid fall in circulating levels when given as a bolus, i.e., during our measurements (lasting 5 min) the effect rapidly waned, thus, explaining the large range of longitudinal displacement values seen following norepinephrine boluses. The smallest longitudinal displacement were seen during low PPs during initial phases of epinephrine infusion and during simultaneous infusion of epinephrine and metoprolol (␤-blockade), respectively. Note, however, that metoprolol did not prevent a sharp rise in PP and accompanying pronounced increase in longitudinal displacement following a bolus of norepinephrine. A 200 g/h, intravenous infusion of epinephrine 200 g/h; A 400 g/h, intravenous infusion of epinephrine 400 g/h; A ϩ NA, intravenous bolus of 0.1 mg norepinephrine during intravenous infusion of epinephrine; A ϩ ␤ block, simultaneous intravenous infusion of epinephrine and metoprolol, i.e., ␤ -blockade; A ϩ ␤ block ϩ NA, intravenous bolus of 0.1 mg norepinephrine during ␤-blockade (n ϭ 5; z ϭ 145). Fig. 7 . Longitudinal displacement of the intima-media complex of the porcine carotid artery at baseline, during infusion of epinephrine (A 200 g/h and A 400 g/h, respectively), following additional norepinephrine bolus(es) of 0.1 mg (A ϩ NA), during simultaneous infusion of epinephrine and metoprolol, i.e., during ␤ blockade (A ϩ ␤ block), and, following additional bolus(es) of norepinephrine, i.e., during ␤ blockade (A ϩ ␤ block ϩ NA). Shaded boxes indicate the lower and upper quartiles and the median. Whiskers indicate the minimum and the maximum values. Presented data are based on median values of 145 measurements (z ϭ 30); n ϭ 5. Note the large increase in longitudinal displacement seen following boluses of norepinephrine, also when given during ␤-blockade. Sensitivity to epinephrine differed somewhat among the pigs and thus the boxes for epinephrine 200 and 400 g/h, respectively, include longitudinal displacement at both lower and higher blood pressures and thus both smaller and larger longitudinal displacements. and intramural shear strain following a surge of norepinephrine. These findings might have important implications for vascular disease both in the short and the long run. Changes in longitudinal displacement and intramural shear strain of the arterial wall have the potential to alter endothelial shear as well as to influence the circulation of the vasa vasorum and may also be of importance in the context of atherosclerotic plaque rupture.
Epinephrine and norepinephrine, the catecholamines, are the major circulating hormones that play a role in the control of vascular tone and underlie the well-known fight-and-flight reaction. Epinephrine and norepinephrine are also widely used as drugs in intensive care units. Epinephrine is a potent stimulant of both ␣-and ␤ 1 -and ␤ 2 -adrenergic receptors, and its effect on target organs are thus complex. Particularly prominent are the actions on the heart, where it acts directly on the ␤ 1 -receptors, and on vascular and other smooth muscle. The actions of epinephrine and norepinephrine differ mainly in the ratio of their effectiveness in stimulating ␣-and ␤ 2 -receptors; norepinephrine is a potent ␣-agonist and has relatively little action on ␤ 2 -receptors. Epinephrine and norepinephrine are approximately equipotent in stimulating ␤ 1 -receptors (7) . With the use of a very simplified analysis of the effects of ␣-and ␤-receptor activation on the vasculature and the heart, ␣ exhibits vasoconstriction, ␤ 1 increases heart rate and contractility and therefore cardiac output, and ␤ 2 causes vasodilatation.
In this study, we have chosen to give epinephrine as an intravenous infusion. One reason for this was that we wanted to ensure to have time to achieve several very good quality ultrasonic recordings of the longitudinal displacement when the circulating levels of epinephrine were increased. To be able to measure the longitudinal displacement of the arterial wall, it is very critical to achieve very high quality ultrasonic recordings of the vessel wall with distinct visualization of the intimamedia complex and the adventitial region during the whole cardiac cycle. Epinephrine, as well as norepinephrine, has a very short half-time with a rapid fall in circulating levels when given as a bolus.
As expected, the initial infusion of a low dose of epinephrine initially caused a decrease in pulse pressure; due to greater sensitivity to epinephrine of ␤ 2 -receptors (causing vasodilatation) than of ␣-receptors (causing vasoconstriction; Ref. 7) . This was associated with a decrease in longitudinal displacement and intramural shear strain of the arterial wall. During the continuous and higher concentration of epinephrine infusion, pulse pressure again increased and so did the longitudinal displacement of the arterial wall. At higher levels of circulating epinephrine, the response to ␣ receptors predominates (7) . The increase in longitudinal displacement in response to a rise in blood pressure was larger for the intima-media complex than for the adventitial region, i.e., intramural shear strain again increased.
To evaluate the effect of a rapid and profound ␣-adrenoceptor activation, we also did our very best to achieve ultrasonic registrations immediately after a rapid intravenous bolus dose of norepinephrine during continuous intravenous administration of epinephrine. The resulting sharp rise in blood pressures was accompanied by a profound increase in longitudinal displacement of the arterial wall. The increase in longitudinal displacement was larger for the intima-media complex than for Values are median (range), expressed in percentage as compared with baseline (denoted 100%). *During the lowest pulse pressures, mainly in one subject, a longitudinal displacement of the arterial wall could not be visually detected or measured, and these registrations are thus not included in the calculations. Fig. 8 . Original registrations of the longitudinal displacement of the intimamedia complex of the carotid artery in a 4 mo old porcine. A: registrations at baseline, during intravenous infusion of epinephrine 400 g/h (A 400 g/h) and immediately after an additional bolus of norepinephrine (A ϩ NA), respectively. B: registrations during simultaneous intravenous infusion of epinephrine and metoprolol, i.e., during ␤-blockade (␤-block), and following an additional intravenous bolus of norepinephrine (␤-block ϩ NA), respectively. For longitudinal movement, a positive deflection denotes movement in the direction of blood flow. OE, End diastole preceding the first cardiac cycles shown. Note the clearly multiphasic pattern of longitudinal displacement seen during infusion of epinephrine 400 g/h (A), as well as following the norepinephrine boluses (A and B) . Note also the marked increase in longitudinal displacement following the norepinephrine boluses, in the case in B being 190% larger than the longitudinal displacement seen before the bolus was given about a minute earlier. Fig. 9 . Shear strain of the carotid artery wall in relation to PP in the individual subjects (A-E). Correlation coefficients (r) and P values, as well as the slope (k) are given. There were significant positive correlations between shear strain and PP in 3 out of 5 subjects. In the 2 subjects that did not show a significant correlation (B and E), the range of PPs were smaller, which might explain the lack of correlation in these subjects. the adventitial region, thus increasing intramural shear strain. Norepinephrine has a very short half-time with a rapid fall in circulating levels when given as a bolus (7), i.e., during our measurements the effect on pulse pressure rapidly waned, which explained the large range of longitudinal displacement values seen following norepinephrine boluses.
Next, we studied the effect of the ␤-adrenergic receptor antagonist metoprolol during continuous infusion of epinephrine, i.e., the effect of ␤-blockade. ␤-Adrenergic receptor antagonists, or ␤-blockers, have received enormous clinical attention because of their efficacy in the treatment of hypertension, ischemic heart disease, congestive heart failure, and certain arrhytmias. Metoprolol, used in this study, is a ␤ 1 -selective receptor antagonist (selective ␤ 1 -receptor blocker) that is devoid of intrinsic sympathomimetic activity and membrane-stabilizing activity (7) . The first reason for including a ␤-blocker in our study was that we wanted to study the longitudinal displacement across a wide range of blood pressures. The choice of a selective ␤ 1 -receptor antagonist was natural for us since ␤ 1 -selective receptor antagonists are clinically widely used in the Western world, and the clinically most frequently used ␤-receptor blockers in our country. Further, by choosing a ␤ 1 -selective receptor blocker instead of a ␤-receptor blocker that affects both ␤ 1 -and ␤ 2 -receptors, such as propanolol, we wanted to try to differentiate, at least partly, between possible ␤ 1 -and ␤ 2 -effects. The low pulse pressures seen following administration of metoprolol were accompanied by small longitudinal displacements of the intima-media complex and the adventitial region, and at the lowest blood pressure levels a longitudinal displacement of the arterial wall, and thus an intramural shear strain, could not be visually detected or measured. The selective ␤ 1 -receptor antagonist metoprolol lowers blood pressure by decreasing heart rate, left ventricular contractility, and cardiac output, which thus indirectly seem to cause decreased longitudinal wall movement.
Next, we studied the effect of a bolus of norepinephrine during continuous simultaneous intravenous infusion of epinephrine and metoprolol, i.e., during ␤-blockade. Again, the rapid administration of norepinephrine resulted in a sharp rise in blood pressure that was accompanied by a profound increase in longitudinal displacement and intramural shear strain. Thus metoprolol was insufficient to counteract a marked increase in longitudinal displacements and intramural shear strain following a surge of norepinephrine, i.e., following strong ␣-receptor activation and accompanying high blood pressures. Hence, our results indicate that increase in longitudinal displacement and intramural shear strain is strongly related to ␣-adrenoceptor activation. This is supported by the results from our very first experiment on one pig (1) .
In this context, it is to be noted that it is unknown if administration of a ␤ 2 -receptor antagonist would have also caused vasoconstriction and increased longitudinal wall displacement; in this study the ␤ 2 -receptor response, which is associated with vasodilatation, is not thoroughly examined, although we studied the longitudinal displacement during both low and high doses of epinephrine and observed the vasodilating effects of ␤ 2 . The full effect of ␤ 2 may be masked by the vasoconstriction effects of ␣-receptor activation.
At higher levels of circulating epinephrine and following administration of norepinephrine, there were not only changes in the amplitude of displacement but also qualitative changes; the pattern of bidirectional longitudinal displacement became clearly multiphasic, in that way resembling the multiphasic pattern of displacement seen in the common carotid artery of alert healthy humans (9) . Further studies are needed to explain this, but the increase in peripheral resistance, due to marked ␣-adrenoceptor activation, might be one factor of importance, and an interesting question is if pulse wave reflection contributes to our findings.
The function of the longitudinal displacement and intramural shear strain of the arterial wall is at present largely unknown. When blood pressures increase, the hemodynamic forces acting on the arterial wall increase and it seems reasonable to expect that this will increase the longitudinal displacement of the wall, as seen in this study. Further, tethering will reduce the longitudinal displacement and, because of the multilayer elastic structure of the arterial wall, it seems reasonable to expect that the inner wall layers will not exhibit the same degree of restricted movement as the outer layer, the adventitial region (33) . Due to this, shearing forces/shear stress will be present in the wall, as seen in this study. One hypothesis is that part of the hemodynamic forces are dissipated by the displacement of the various layers of the arterial wall, thereby reducing endothelial/ wall stress, and thus in that way having a dampening function, and being beneficial. However, due to the large displacements and resulting high intramural shear strain at high blood pressure levels, as seen in this study, it might also be speculated that the displacements and the resulting shearing at high levels of circulating catecholamines can have deleterious effects on the arterial wall.
It is well known that strong emotional stress increase the number of cardiovascular events (6) . The exact mechanisms behind is unclear. Increase in sympathetic activity following strong emotional stress rapidly increase circulating levels of norepinephrine through spillover from norepinephrine release from sympathetic perivascular nerves, resulting in a rapid surge of norepinephrine. Administration of a bolus dose of norepinephrine in this study can be said to mimic a surge of norepinephrine following strong emotional stress. Our findings Fig. 10 . Relative changes in shear strain between the intima-media complex and the adventitial region of the porcine carotid artery in relation to relative changes in arterial PP and given drugs. There was a significant correlation between shear strain and arterial PP (r ϭ 0.48, P Ͻ 0.001). The highest values of shear strain were seen following administration of norepinephrine boluses, and accompanying high PPs, and the lowest during the initial infusion of epinephrine and during ␤-blockade. Note, however, that ␤-blockade did not prevent a marked increase in shear strain following a bolus of norepinephrine (n ϭ 5; z ϭ 145). Fig. 11 . Shear strain the carotid artery wall in the individual subjects (A-E) at baseline, during infusion of epinephrine (A 200 g/h and A 400 g/h, respectively), following additional norepinephrine bolus(es) (A ϩ NA), during simultaneous infusion of epinephrine and metoprolol; i.e., during ␤-blockade (A ϩ ␤-block), and, following additional bolus(es) of norepinephrine, i.e., during ␤-blockade (A ϩ ␤-block ϩ NA). Shaded boxes indicate the lower and upper quartiles and the median. Whiskers indicate the minimum and the maximum values (n ϭ 5, z ϭ 145). Note the marked increase in shear strain following norepinephrine boluses both when given without ␤-blockade, and when given during ␤-blockade. In A, the ultrasonic registrations did not allow measurements of shear strain at the highest blood pressures during epinephrine 400 g/h, although distinct longitudinal displacements were visually clearly seen (the vessel coming out of plane during part of the cardiac cycle). of a profound increase in intramural shear strain following a surge of norepinephrine might be a hitherto unknown precipitating factor for rupture of a vulnerable atherosclerotic plaque in patients with preexisting coronary and/or carotid artery disease following strong emotional stress. The porcine common carotid artery is a muscular artery, in that way similar to the coronary and cerebral arteries in humans. Interestingly, in patients with coronary disease the risk of acute myocardial infarction in the short period after an anger outburst seems to be twice that for other periods, and in one study, emotional stress was a more common precipitant of acute infarction than was physical exertion (see Ref. 6) . It is to be noted that in the present study the ␤-blocker metoprolol was insufficient to counteract a profound increase in longitudinal displacement and intramural shear strain following a surge of norepinephrine.
Also, chronic stress is considered a risk factor for cardiovascular disease. The exact mechanisms behind this association are unclear (6) . Our findings that high levels of circulating catecholamine elicit profound changes in longitudinal displacement of the arterial wall might also have implications for the development of cardiovascular disease in the long run. The longitudinal movement has the potential to either augment or diminish endothelial shear depending on the phase relationship to oscillatory flow, as recently discussed (17) . Further, the adventitia contains small blood vessels, the vasa vasorum ("vessels of vessels"), which in large arteries also penetrate into the media, thus passing through the area of changing cyclic shear strain demonstrated in this study. There is increasing evidence suggesting a role for the vasa vasorum in the development of atherosclerotic vascular disease (3, 4, 22, 23) . Hence, an interesting issue is how the circulation of the vasa vasorum is influenced by the demonstrated changes in intramural shear strain in response to increased levels of circulating catecholamines, and a specific question is if demonstrated changes in intramural shear strain might have implications for the neovascularization of the vasa vasorum that seem to occur already in the early development of atherosclerosis. The factors behind this neovascularization are unclear (22) . Further, the longitudinal displacement and intramural shear strain of the arterial wall may also be of importance for the function of the smooth muscle cells and extracellular matrix components in the media. The smooth muscle cells of the media, long considered mainly structural and contractile cells, and the extracellular matrix components, have proven to be capable of numerous functions considered important in the pathogenesis of vascular diseases (18) . An influence of the longitudinal displacement on the smooth muscle cells and extracellular matrix components is especially to be expected since we (11) , in a first limited study on the human carotid artery during rest, have shown that the longitudinal displacement is accompanied by a length alteration of the artery and thus probably extension and reorientation of the smooth muscles cells and extracellular matrix components. A length alteration during the cardiac cycle has also been shown in the porcine carotid artery on a study on exposed vessels (32) .
Flaim and Zelis (16) and Flaim et al. (15) identified that while there are ␣-receptors in the rabbit carotid artery, there are no ␤ 1 -or ␤ 2 -receptors. Thus an interesting question is if ␣-receptors act directly on the carotid artery at the site of measurement, in addition to causing a higher pulse pressure due to higher peripheral resistance. In this study, we did not see vasoconstriction, i.e., a decrease in vessel diameter at the site of measurement, following strong ␣-activation. Thus superficially we could see no evidence of smooth muscle contraction. However, conclusions must be drawn cautiously; these do not exclude that there is smooth muscle contraction also at the site of measurement; it may well be that smooth muscles contraction counteract/modulate the high distending pressures when ␣-activation dominates. Thus it may well be that the diameter would have been larger if not counteracted by smooth muscle contraction. Furthermore, it can actually not be excluded that smooth muscle cell contraction and/or reorientation at the site of measurement may influence, or contribute to, the longitudinal displacement of the wall. Another question is if the longitudinal displacement might be related to the diameter change (distension) of the artery. In this study, we found divergent results; thus whether there is coupling between the diameter changes and the longitudinal displacement or not remains to be established. The porcine carotid artery is a muscular artery. Muscular arteries are known to be stiff compared with central elastic arteries, and the distensions seen during our experiment were small, at the lowest pressures in several cases difficult to measure. Clearly, further studies are needed to clarify these issues.
The mechanisms behind the longitudinal displacement and intramural shear strain are complex, and most likely many studies are needed to thoroughly explain the mechanisms behind. In future studies it is, among other things, of importance to measure or control for left ventricular contraction and/or peripheral resistance, as well as to study possible influence of blood flow and the possible role of pulse wave and pulse wave reflection. Further, the possible influence of baroreceptor response on our findings is unknown.
Methodological considerations. In this study, the pigs were anesthetized and anesthesia and muscular paralysis were maintained with continuous infusion of ketamine and pancuronium. Thus it might be claimed that our findings, at least partly, could be due to drug interactions, e.g., when studying effects of ␤-blockade. However, due to the present knowledge of the drugs used, and due to the fact that blood pressure and heart rate showed the expected changes during our experiments, it seems unlikely that drug interactions explain our basic findings.
To be able to measure the longitudinal displacement of the arterial wall, it is very critical to achieve very high quality ultrasonic recordings of the vessel wall with distinct visualization of the intima-media complex and the adventitial region during the whole cardiac cycles. Due to the large vessel wall movements appearing at the highest blood pressure levels, it was not always possible to measure the longitudinal displacement although a large longitudinal displacement was visually clearly seen; the tracking of the vessel wall was lost due to the wall coming out of plane during part of the cardiac cycles. Further, in several instances at the lowest pulse pressures a longitudinal displacement could not be detected or measured and was also visually absent; thus these registrations are not shown in the Figures. However, these observations further strengthen the relation between longitudinal displacement and pulse pressure, and the effect of ␣-adrenoceptor activation.
To measure intramural shear strain is a difficult measurement problem, and there are higher variations in these mea-surements (8) . Calculation of shear strain angle is a comparison between two different measurements of the longitudinal movement, i.e., ROIs are positioned at two different locations: in the intima-media complex and the adventitial region, respectively. Thus distinct echoes of an irregularity in the wall of both the intima-media complex and the adventitial region respectively must be visible in all frames/images during several cardiac cycles. Optimally the echoes should be located at the very same lateral position along the artery, i.e., beneath each other. In the present young healthy normotensive pigs, it was in some instances hard to find an irregularity or inhomogeneity in the adventitial region located at the very same lateral position as the preselected echo in the intima-media media complex, which could be followed with an ROI during whole cardiac cycles. Therefore, in several instances an echo slightly laterally located had to be used, introducing a minor uncertainty in the measurement of shear strain. This might be one reason for higher variation and the somewhat less strong correlation between shear strain and pulse pressure than between the displacement of the intima-media complex and pulse pressure.
Shear strain is normally defined on a bulk medium, whereas the measurement of shear strain in this study is performed on vessel wall tissue, which is inhomogeneous. Since we cannot study all the arterial wall layers separately, due to the resolution of the ultrasound scanner, we have chosen to use a simplified model and thus in the calculations view the arterial wall as one medium.
It is to be remembered that the architecture of the arterial wall, including amount and orientation of elastic fibers and smooth muscle cells as well as the concentration of ␣-and ␤-adrenoreceptors, differs within the arterial tree and between species. Thus our results are valid for the porcine carotid artery and other arteries may react differently, although we have clearly shown that there is a distinct longitudinal displacement and intramural shear strain in both large elastic and muscular arteries in healthy humans at rest (9) .
In conclusion, this study shows for the first time, that the longitudinal displacement and intramural shear strain of the porcine carotid artery wall undergo profound changes in response to catecholamines and accompanying effects on blood pressure. Increase in longitudinal displacement seems to be strongly related to ␣-adrenoceptor activation. Thus the ␤ 1 -receptor antagonist metoprolol is insufficient to counteract a profound increase in longitudinal displacements and intramural shear strain following a surge of norepinephrine. Further studies are needed to increase our knowledge of the longitudinal displacements of the arterial wall, constituting a possible link between mental stress and cardiovascular disease.
